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Besides their well-known regulation of transcription by binding
to nuclear receptors, thyroid hormones have been suggested to
have direct effects on mitochondria. In a previous study, in-
cubation of rat heart mitochondria with '?*I-labelled N-bromo-
acetyl-3,3",5-tri-iodo-L-thyronine (BrAcT,), a thyroid hormone
derivative with an alkylating side chain, resulted in the selective
labelling of a protein doublet around M, 45000 on SDS/
polyacrylamide gels [Rasmussen, Koéhrle, Rokos and Hesch
(1989) FEBS Lett. 255, 385-390]. Now, this protein doublet has
been identified as mitochondrial creatine kinase (Mi-CK).
Immunoblotting experiments with the cytoplasmic and mito-
chondrial fractions of rat heart, brain and liver, as well as inacti-

vation studies with the purified chicken CK isoenzymes have
further demonstrated that all four CK isoenzymes (Mi,-, Mi,-,
M- and B-CK) are indeed selectively labelled by BrAcT,. How-
ever, in contrast with their bromoalkyl derivatives, thyroid
hormones themselves did not compete for CK labelling, sug-
gesting that not the thyroid hormone moiety but rather the
bromoacetyl-driven alkylation of the highly reactive ‘essential’
thiol group of CK accounts for this selective labelling. Therefore
the assumption that CK isoenzymes are thyroid-hormone-
binding proteins has to be dismissed. Instead, bromoacetyl-based
reagents may allow a very specific covalent modification and
inactivation of CK isoenzymes in vitro and in vivo.

INTRODUCTION

Creatine kinase (CK, EC 2.7.3.2) isoenzymes are involved in the
energy metabolism of tissues with high and fluctuating energy
demands such as skeletal and cardiac muscle, brain, photo-
receptor cells of the retina and spermatozoa (for reviews see
[1,2]). In chicken, rat and man, four different CK isoenzymes are
known, two cytoplasmic (M- and B-CK) and two mitochondrial
(Mi,- and Mi,-CK), all with a subunit M, of approx. 43000. M-
and Mi,-CK are found primarily in sarcomeric muscles, whereas
B- and Mi,-CK are the predominant CK isoenzymes in neural
tissues.

At the cellular level, two different modes of direct action of
thyroid hormones have been put forward. The nuclear effects are
well established and are mediated by the binding of tri-
iodothyronine (T,) to specific nuclear c-erbA-related receptor
proteins with subsequent transcriptional activation or inhibition
of T,-responsive genes (for a review see [3]). On the other hand,
immediate stimulation of ion, sugar and amino acid transport
across the plasma membrane, increased oxygen consumption in
mitochondria and alterations of the filamentous cytoskeleton
were proposed as extranuclear effects of thyroid hormones,
occurring independently of nuclear regulation of transcription by
T, ([4,5]; for reviews see [6-8]). However, the occurrence and
physiological significance of these latter effects is still disputed.

In order to identify mitochondrial thyroid-hormone-binding
proteins, Rasmussen et al. [9] made use of !**I-labelled N-
bromoacetyl-T, (BrAc[***I]T,). This alkylating T, derivative and
its thyroxine analogue (BrAcT,) have been extensively used for

the identification of thyroid-hormone-binding proteins of the
nucleus, the nuclear envelope, the endoplasmic reticulum and the
plasma membrane ([10-20]; for further references see [21]). As a
matter of fact, incubation of rat heart mitochondria with
BrAc['**I]T, resulted in the very selective labelling of a protein
doublet with an apparent M, of about 45000 [9].

Several arguments made it attractive to suggest that this
protein doublet represents Mi-CK and that interaction of thyroid
hormones with Mi-CK is of physiological importance. (1) The
BrAcT,-labelled protein doublet and purified rat heart Mi-CK
have approximately the same M, [9,22]. Furthermore, under
certain conditions, rat heart Mi-CK also migrates as a double
band in SDS/polyacrylamide gels [22]. (2) Mitochondrial T,-
binding proteins were previously localized to the inner membrane
([23,24]; for a review see [7]) and coincide therefore in location
with Mi-CK which is attached to the outer surface of the inner
mitochondrial membrane [25]. (3) Thyroid hormones influence
and regulate the energy metabolism of cells. On the other hand,
Mi-CK fulfils all preconditions to be an attractive site for
regulation of cellular energy metabolism. In contrast with their
cytosolic counterparts, Mi-CK isoenzymes are thought to be
displaced from thermodynamic equilibrium and thus are under
kinetic control [26,27]. Regulation of the enzyme activity of Mi-
CK by thyroid hormones could thus directly influence the flux of
high-energy phosphates out of the mitochondria. (4) Similarly to
presumptive thyroid-hormone-binding proteins such as thyroid
peroxidase [28], thyroxine-binding globulin [29], 5- and 5'-
iodothyronine monodeiodinases [18,19,30], protein disulphide
isomerase [16], and the nuclear T, receptor [31], all CK iso-
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enzymes also contain in or near the active site a highly reactive
thiol group, alkylation of which leads to almost complete
inactivation of the enzyme (for a review see [32]). This might
suggest that a reactive thiol group is an essential prerequisite for
thyroid hormone binding. (5) Already in the 1950s, it was
reported that thyroxine influences CK activity (for a review see
[33]), but significant effects were only observed at unphysio-
logically high T, concentrations.

The aims of the present investigation were (1) to identify the
protein doublet labelled by BrAcT, in rat heart mitochondria, (2)
to extend these studies to the cytosolic and mitochondrial
fractions of rat brain and liver in order to see if labelling by
BrAcT, is a particular property of rat heart Mi -CK or a more
general phenomenon of all known CK isoenzymes and (3) to
characterize the nature of the interaction of BrAcT, with Mi,-
CK. The present findings may serve as a basis for the design of
highly specific labelling and inactivation reagents for all CK
isoenzymes.

MATERIALS AND METHODS
Materials

H.p.l.c.-purified thyroid hormones, thyroid hormone derivatives
and iopanoic acid were kindly provided by Dr. H. Rokos
(Henning GmbH, Berlin, Germany). EMD 21388, a T,-
antagonistic flavonoid [19], was obtained from Dr. K. Irmscher
(E. Merck, Darmstadt, Germany). BrAcT,, BrAcT, and
BrAc['*I]T, (specific radioactivity 3 mCi/ug) were synthesized
as described [18]. The disodium salts of ADP and ATP as
well as papain were purchased from Boehringer-Mannheim
(Germany), creatine was from Sigma (St. Louis, MO, U.S.A.),
phosphocreatine (PCr) from Calbiochem (Lucerne, Switzerland),
bromoacetic acid, phenacyl bromide, methyl bromoacetate,
5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) and N,-benzoyl-L-
arginine ethyl ester (BAEE) were from Fluka (Buchs, Switzer-
land), and 2-bromoacetamide and 2-(2-bromoacetyl)naphthalene
from Aldrich (Suchema AG, Kaltenbach, Switzerland). All
other chemicals were at least of reagent grade. Chicken Mi,-
CK (specific activity 62.5 units/mg of protein), Mi,-CK
(115 units/mg of protein) and B-CK (230 units/mg of protein)
were purified as previously described [34-36]. Chicken M-CK
(210 units/mg of protein) was purified as described by Eppen-
berger et al. [37] followed by anion-exchange chromatography
on a Mono Q column (f.p.l.c.; Pharmacia, Diibendorf,
Switzerland).

Preparation of mitochondria, mitoplasts and cytosolic fractions
from rat heart, brain and liver

All steps of the preparation were performed at 4 °C or on ice, and
all homogenizations and resuspensions were done with a tightly
fitting glass/Teflon homogenizer at 400 rev./min. After
homogenization of two rat hearts (or two brains or two livers) in
60 ml (45 ml or 60 ml) of buffer A [220 mM mannitol, 70 mM
sucrose, 10 mM Hepes, 0.2 mM EGTA, 1 mM 2-mercapto-
ethanol (2-ME), 1 mM NaN,, pH 7.4] and centrifugation at
750 g for 5 min to remove whole cells, nuclei and fibrillar material,
mitochondria were pelleted and washed by two consecutive
centrifugations at 6000 g for 10 min, followed by resuspension in
20 ml (25 ml or 50 ml) of buffer A. After a further centrifugation
at 6000 g for 15 min, heart and liver pellets were resuspended in
5ml and 30 ml of buffer A respectively. The fractions thus
obtained represent purified whole mitochondria. The brain pellet

was swollen in 30 ml of bidistilled water to open synaptic vesicles
and therefore remove B-CK. The mitoplasts were pelleted by two
consecutive centrifugations at 10000 g and 20000 g for 30 min,
followed by resuspension in 25 ml of bidistilled water and 10 ml
of buffer A respectively. The final fraction contains purified brain
mitoplasts. The supernatants of the very first centrifugation at
6000 g were used as heart, brain and liver cytosolic fractions.

Labelling experiments

Mitochondrial, mitoplast and cytosolic fractions of rat heart,
brain and liver at a protein concentration of 1 mg/ml as well as
purified chicken Mi,- and Mi-CK at a subunit concentration of
200 nM (8.6 ug/ml) (100 xl of each) were preincubated in buffer
A for 10 min at 25 °C in the presence of the respective substrates
or competitors. Five-fold-concentrated stock solutions of sub-
strates in buffer A and 50-fold-concentrated stock solutions of
thyroid hormones and thyroid hormone derivatives in methanol
were used throughout the experiments. Then, 60-100 nCi of
BrAc[*®*I]T, (specific radioactivity 3 mCi/ug) in 2 ul of methanol
was added and incubations were continued at 25 °C for the
indicated periods of time. The reactions were stopped by the
addition of 35 ul of 4-fold-concentrated SDS/PAGE sample
buffer (final concentrations: 29, lithium dodecyl sulphate,
51 mM thioglycollic acid, 100 mM Tris/HCI, pH 6.8, 7.5%
glycerol). Then 20 ul of each of these samples was transferred to
200 1 of ice-cold ethanol. After a 10 min incubation on ice,
proteins and therefore also protein-bound radioactivity were
pelleted at 15000 g for 10 min in a microcentrifuge. Supernatants
were removed, and the radioactivities in pellets and supernatants
determined in a y-counter. The remaining 115 pl of the samples
were boiled for Smin at 95°C and then directly used for
SDS/PAGE.

Control experiments demonstrated that the rate of labelling by
BrAc[**I]T, of purified chicken Mi,- and Mi -CK, rat heart
mitochondria and rat brain mitoplasts was almost linear over at
least 30 min. In the other fractions, the rate of labelling
significantly decreased after 10~15 min, but the pattern of labelled
bands on SDS/polyacrylamide gels did not change for incubation
times up to 30 min.

Inactivation of Mi,-CK with bromoacyl compounds

Purified CK isoenzymes were extensively dialysed at 4 °C against
buffer B (50 mM sodium phosphate, 150 mM NaCl, 0.2 mM
EDTA, 0.5mM 2-ME, 2mM NaN,, pH 7.2). Inactivation
experiments with BrAcT,, bromoacetic acid, 2-bromoacetamide,
methyl bromoacetate, phenacyl bromide or 2-(2-bromoacetyl)-
naphthalene were performed in buffer B at a CK subunit
concentration of 4 M (0.17 mg/ml) and at 25°C for the
indicated periods of time. For competition experiments, chicken
Mi,-CK was preincubated for 10 min at 25 °C in the presence of
the respective substrates or competitors. Substrates were added
as stock solutions in buffer B, whereas 40-fold-concentrated
stock solutions of all bromoacyl compounds and 10-fold-
concentrated stock solutions of thyroid hormones in methanol
were used. In control experiments, methanol at the concentrations
employed had no effect on CK activity. CK activity measurements
were performed by the pH-Stat method in the direction of ATP
synthesis in an assay mixture containing 65 mM KCl, 8.5 mM
MgCl,, 85 uM EGTA, 4 mM ADP and 10 mM PCr. As titrant,
20 mM HCI was used. One unit corresponds to 1 gmol of
PCr transphosphorylated/min at 25 °C and pH 7.00. For the
graphical representation of the data, semilogarithmic plots were
chosen (Figures 3 and 5) in order to visualize more clearly the
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differences between the distinct sets of conditions. Initial in-
activation rate constants were calculated as follows. In an
irreversible reaction E+R — M with rate constant k, where E
signifies the unmodified CK isoenzyme, R the respective reagent,
and M the modified inactivated CK isoenzyme, the equation:

Kt = In(e,r/r.e)

r,—é,

(e, r,, concentrations of E and R at time 1=0; e, r,
concentrations of E and R at any given time ¢) can be applied for
the calculation of k. The initial inactivation rate constants were
calculated from the 0 and 10 min values shown in the Figures.

The feasibility of this approach was checked by performing
inactivation experiments of Mi,-CK with 1, 2.5, 5, 10, 20 and
40 uM BrAcT,. The inactivation rate proved to depend on the
BrAcT, concentration, with no indication of reaching a plateau
at higher concentrations of the inhibitor, thus demonstrating
that the reaction can in fact be regarded as bimolecular.
Furthermore, this finding also indicates that there is no specific
high-affinity binding site for thyroid hormones on the Mi,-CK
molecule.

Inactivation of papain with bromoacyl compounds

Papain at a concentration of 4 uM (90 ug/ml) was incubated at
25°C in buffer B with 10 uM bromoacetate, 40 uM phenacyl
bromide or 2-(2-bromoacetyl)naphthalene, or 100 kM bromo-
acctamide, methyl bromoacetate or BrAcT,. Tenfold-
concentrated stock solutions of the bromoacyl compounds in
methanol were used. After various time intervals, samples of the
incubation mixtures were withdrawn and papain activity was
directly determined by the pH-Stat method in an assay mixture
containing 56 mM BAEE, 5mM cysteine, 2 mM EDTA and
0.3 M NaCl. NaOH (20 mM) was used as titrant. One unit
corresponds to 1 gmol of BAEE hydrolysed /min at pH 6.20 and
25 °C. The inactivation rate constants were calculated as de-
scribed above.

Modification of cysteine by bromoacyl compounds

Cysteine at a concentration of 1 mM (when modified by bromo-
acetate or bromoacetamide) or 0.1 mM [methyl bromoacetate,
phenacyl bromide, 2-(2-bromoacetyl)naphthalene, BrAcT,]
was incubated at 25°C in buffer B devoid of 2-ME with
2mM bromoacetate or bromoacetamide, 0.2 mM methyl
bromoacetate, phenacyl bromide or 2-(2-bromoacetyl)-
naphthalene, or 0.3 mM BrAcT,. Tenfold-concentrated stock
solutions of the bromoacyl compounds in methanol were used.
After various time intervals, samples were withdrawn, diluted to
1.2 m] with bidistilled water, and mixed with 50 ul of 20 mM
DTNB, 50 mM Na,HPO, and 100 xl of 0.75M Tris, 15 mM
EDTA, pH 8.2. After 5 min, the amount of thiophenolate ions,
liberated by the reaction of DTNB with the thiol group of
unmodified cysteine, was determined spectrophotometrically at
412 nm. The modification rate constants were calculated as
described above.

Binding of thyroid hormones and derivatives to chicken CK
isoenzymes

CK-binding assays were performed essentially as previously
described for transthyretin [38]. Pure CK isoenzymes (final

concentration 1.2-120 xg/ml) were incubated with 30000 c.p.m.
of r-3,3,5-tri(**Iliodothyronine or Lr-3,3,5,5-tetra[***I)iodo-
thyronine (specific radioactivity > 1200 xCi/ug; Amersham
Buchler G.m.b.H., Braunschweig, Germany) in a total volume of
100 1 of buffer C (0.1 M Tris/HCI, pH 8.0, 0.1 M NaCl, 1 mM
EDTA) in the absence or presence of unlabelled thyroid
hormones or thyroid hormone derivatives (1 nM—-20 uM) for
10-30 min at 25 °C or 37 °C. The reaction was stopped by the
addition of 500 ul of ice-cold dextran-coated charcoal (8.3 g of
activated charcoal Norit A and 0.83 g of Dextran T70 suspended
in 1 litre of buffer C; Sigma, Heidelberg, Germany), followed by
an additional incubation of the mixture for 10 min at 4 °C. Free
and bound hormones were separated by centrifugation at 3000 g
for 10 min at 4 °C. Non-specific binding was determined by
tracer displacement with saturating concentrations of T, or T,
(20 xM). Purified human transthyretin (kindly provided by Dr.
V. Cody, Medical Foundation, Buffalo, NY, U.S.A.) served as
positive control in these binding and displacement experiments
[38].

Other methods

SDS/PAGE and autoradiography were performed as described
by Kohrle et al. [18]. For the immunodetection of the CK
isoenzymes, SDS/polyacrylamide gels were semi-dry-blotted on
to nitrocellulose membranes (Schleicher and Schiill, Dassel,
Germany) in an SDS-containing transfer buffer for 105 min at a
constant current of 1 mA /cm? [39]. Incubation with the primary
and secondary antibodies as well as peroxidase staining with
chloronaphthol as substrate were carried out as described [40].
Rabbit anti-(chicken Mi,-, Mi,-, M- and B-CK) sera, diluted
1:250 with buffer D (109% horse serum in PBS, 1 mM NaN,,
pH 7.2-7.4) or 5% (w/v) non-fat dried milk, were used as
primary antibodies, and horse-radish peroxidase-labelled goat
anti-rabbit IgG (Nordic, Biogenzia Lemania AG, Lausanne,
Switzerland) diluted 1:2500 with the same buffers as secondary
antibody. Protein concentrations were determined by the method
of Bradford [41] using the Bio-Rad reagent and, as standard,
BSA or bovine vy-globulin. An f.p.l.c. Superose 12 column
(Pharmacia) was used for gel-permeation chromatography to
determine the dimer to octamer ratio of the Mi-CK isoenzymes
[35]. Cellulose polyacetate electrophoresis was performed as
described [34]. Statistical analysis was done by Student’s ¢ test,
and all results are means + S.D. for three or four measurements.

In extraction experiments, rat heart mitochondria were swollen
with bidistilled water or with bidistilled water containing 10 x4M
T, or 10 uM BrAcT,. After centrifugation of the mitoplasts, Mi-
CK was extracted in buffer E (100 mM sodium phosphate,
10 mM 2-ME, 1 mM NaN;,, pH 7.4), buffer E plus 10 uM T, or
buffer E plus 10 xuM BrAcT,. The membranes were pelleted again
and the CK activities determined in the pellets and supernatants.

RESULTS
Characterization of the CK isoenzyme system of the rat

Cardiac muscle and brain from rat [42,43], chicken [34,40,44] and
man [45] were previously reported to contain two different Mi-
CK isoenzymes. The chicken Mi-CK isoenzymes were further
shown to form dimeric and octameric molecules [34,35,40]. The
two oligomeric forms migrate as separate bands in cellulose
polyacetate electrophoresis experiments [34] and are readily
interconvertible. For example, formation of a transition-state-
analogue complex of the Mi-CK isoenzymes with MgADP,
creatine, plus nitrate leads to complete dissociation of the
octameric molecules into dimers with no change in enzyme
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Figure 1 CK isoenzymes In rat tissues

Cellulose polyacetate electrophoresis of subcellular fractions of heart, brain and liver was
performed in veronal buffer at pH 8.6, at room temperature, and at a constant voltage of 100 V
for 45 (a—d) or 90 (e) min. The CK isoenzymes were then stained by a coupled enzyme assay.
(a) Rat heart. (b) Rat brain. (¢, d) Rat liver; (d) represents a negative control, since the coupled
CK assay was performed in the absence of PCr. The visible band in lane 1 therefore represents
adenylate kinase activity. (8) Comigration of the rat heart and brain Mi-CK isoenzymes. Lanes
1, cytosolic fractions; lanes 2, mitochondrial fractions; lanes 3, mitoplast fractions in the
absence of substrates; lanes 4, mitoplast fractions after an 18 h incubation at 4 °C with 4 mM
ADP, 5 mM MgCl,, 20 mM creatine and 50 mM KNO, in buffer B; lane 5, heart mitochondria;
lane 6, brain mitoplasts; lane 7, comigration of heart mitochondria and brain mitoplasts; O,
origin; Mi,-d, Mi,-o, Miy-d, Mi;-0, dimers and octamers of Mi,- and Miy-CK respectively. Note
that the staining in the region of MM-CK in the mitochondrial and mitoplast fractions of heart
and brain is not due to MM-CK. Electrophoresis at a different pH (not shown) demonstrated
that instead it is due to deposited material which during electrophoresis remained at the origin.

activity [34,35]. In order to confirm these findings also for the rat,
and to be able to distinguish the binding of BrAcT, to each of the
different CK isoenzymes, subfractionations of rat heart, brain
and liver were performed, and the CK isoenzymes of the
respective fractions subsequently analysed by cellulose poly-
acetate electrophoresis (Figure 1). Liver was included as a
negative control for it is known to contain only minute amounts
of CK activity [46].

As can be seen in Figure 1(a), the cytosolic and mitochondrial
CK isoenzymes of rat heart were nicely separated by differential
centrifugation. In contrast with chicken Mi,- and Mi,-CK,
formation of a transition-state-analogue complex of rat heart
Mi-CK was always accompanied by a progressive loss of activity,
and a faint dimer band could only rarely be observed (Figure la,
lane 4). Immunoblotting experiments confirmed that this loss of
activity was not due to the formation of inactive Mi-CK dimers,
but probably to denaturation of the protein (not shown).

The brain mitochondrial fraction (Figure 1b, lane 2) proved to
be heavily contaminated by synaptosomal BB-CK. However,
disruption of the synaptosomes by swelling in bidistilled water
allowed the complete removal of the contaminating BB-CK
(Figure 1b, lane 3). In contrast with the situation with rat heart
Mi,-CK, two separate bands for dimeric and octameric Mi,-CK

were observed in rat brain, and dissociation of Mi,-CK octamers
into dimers was achieved by dilution, high salt or urea treatment
(not shown), or by formation of a transition-state-analogue
complex (Figure 1b, lane 4) with no significant change in activity.
Electrophoretic comigration experiments further corroborated
the finding that rat heart and brain indeed contain two different
Mi-CK isoenzymes (Figure le). Rat kidney, lung, stomach and
uterus also contain the brain isoform of Mi-CK (not shown).

In contrast with the cytosolic fractions of rat heart
(6.51 units/mg of protein) and brain (7.27 units/mg of protein),
liver cytosol contains only minute amounts of CK activity
(0.054 unit/mg of protein). This activity is entirely due to BB-CK
(Figure lc, lane 1), for the second band in the region of MM-CK
turned out to represent adenylate kinase activity (Figure 1d, lane
1). These findings contrast with the detection of significant
amounts of Mi-CK in human liver [47] and also conflict with
results of Biermans et al. [46] who reported that rat liver contains
53% BB-, 8% MB- and 389% MM-CK. As plausible
explanations, species differences and, in the latter study, mis-
identification of adenylate kinase as MM-CK have to be con-
sidered.

Labelling and inactivation of the CK isoenzymes by BrAcT,

In order to prove that the protein doublet labelled by BrAc['**I]T,
in rat heart mitochondria [9] in fact represents Mi-CK and to
decide whether this specific binding of BrAcT, is a particular
property of the cardiac Mi,-CK isoenzyme or a more general
feature of all CK isoenzymes, the experiments shown in Figures
2 and 3 were performed. Incubation of purified chicken Mi-CK
isoenzymes with BrAc[***I]T, resulted in stroag incorporation of
radioactive label (Figure 2a). In the different subcellular fractions
of rat heart, brain and liver, BrAcT, labelled a distinct number
of proteins in various amounts. Antibody staining of electroblots
(Figure 2b) confirmed that the main band labelled in rat heart
mitochondria (Figure 2a, lane 4) indeed comigrates with Mi,-
CK. Staining with an anti-(Mi,-CK) antibody (cross-reacting
with all CK isoenzymes; Figure 2¢) and with an anti-(B-CK)
antibody (being specific for the cytosolic isoenzymes M- and B-
CK; Figure 2d) further revealed that M-CK in rat heart cytosol
(Figure 2, lane 3), B-CK in rat brain cytosol (lane 5) and Mi,-CK
in rat brain mitoplasts (lane 6) were also labelled by BrAc[***I]T,,
although less selectively than Mi -CK. Almost no labelling in the
43 kDaregion was observed in rat liver cytosol and mitochondria,
as expected from the very low amounts of CK activity found in
this tissue. The low incorporation yield into cytosolic M-CK
(lane 3) is probably due to trapping of the thyroid hormone
derivative by rat serum albumin (heavily labelled band in lane 3).
The main band labelled in rat liver mitochondria with an M, of
about 55000 probably represents protein disulphide isomerase
present in high concentrations in contaminating microsomes
[16,17].

The finding that all CK isoenzymes are labelled by BrAcT, was
further corroborated by inactivation experiments with the
purified chicken CK isoenzymes (Figure 3 and Table 1A). Mi,-
CK displayed the highest inactivation rate, followed by B-, Mi,-
and M-CK.

At this point, two possibilities had to be considered: (i) all CK
isoenzymes are targets of thyroid hormones and are potentially
regulated by them; (ii) the labelling of the CK isoenzymes is
simply due to the alkylation by BrAcT, of the extraordinarily
reactive thiol group of CK (Cys-278, numbering according to
chicken heart Mi,-CK [44]) with no prior involvement of a
thyroid-hormone-binding site on CK itself. The following experi-
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Figure 2 Labelling of the subcellular fractions of rat heart, brain and liver
with BrAc["#I]T,

The labelling experiments were performed for 15 min as described in the Materials and methods
section. The labelled subcellular fractions were subjected to SDS/PAGE, semi-dry-blotted, and
the blots autoradiographed (a) and stained with antibodies against chicken Mi;- (b), Mi,- (6)
or B-CK (d). Lane 1, purified chicken Mi,-CK; lane 2, purified chicken Mi,-CK; lane 3, rat heart
cytosol; lane 4, rat heart mitochondria; lane 5, rat brain cytosol; lane 6, rat brain mitoplasts;
lane 7, rat liver cytosol ; lane 8, rat liver mitochondria. In (a), the labelled bands in the cytosolic
and mitochondrial fractions of rat heart and brain corresponding to the four CK isoenzymes are
marked by small stars at the left of the respective lanes; M-CK (lane 3), Mi,-CK (lane 4),
B-CK (lane 5) and Mi,-CK (lane 6).

ments were designed to discriminate between these two possi-
bilities.

Competition experiments

Even 20 uM concentrations of thyroid hormones and thyroid
hormone derivatives such as the 5'-deiodinase inhibitors iopanoic
acid and EMD 21388 (which are not metabolized) did not or
only slightly reduce the radioactive labelling by BrAcT, of rat
heart Mi,-CK as well as of chicken Mi,- and Mi,-CK (Figure 4,
Table 2). In contrast, thiol-group-blocking reagents such as 2,4-
dinitrofluorobenzene (DNFB) and iodoacetamide, as well as
excess concentrations of unlabelled bromoacetyl compounds led
to a marked diminution of the labelling intensity of the Mi-CK
band. Excess concentrations of 3,5-T,, T, and T, (100 M) were
also not effective in preventing inactivation of chicken Mi -CK
by BrAcT,, therefore indicating that interaction of BrAcT, with
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Figure 3 Inactivation of purified chicken CK isoenzymes by BrAcT,

-4

The inactivation experiments were performed in buffer B as described in detail in the Materials
and methods section: 0.17 mg/ml (= 4 uM of subunits) of chicken Mi,- (@), Mi,- (O).
M- (O) and B-CK (A) were incubated at 25 °C with 10 M BrAcT, for the indicated periods
of time, and the CK activities thereafter determined by the pH-Stat method.

Table 1 Initial-rate constants for the inactivation of chicken CK isoenzymes
by BrAcT, in the presence or absence of thyroid hormones or CK substrates

The initial inactivation rate constants were calculated from the 0 and 10 min values of
inactivation experiments as described in the Materials and methods section. (A) The initial
inactivation rate constants were calculated from the data presented in Figure 3. (B) The following
concentrations were used: Mi,-CK, 4 uM (0.17 mg/ml); BrAcT,, 10 uM; 35-T,, T, and T,,
100 uM each. (C) The following concentrations were used: Mi,-CK, 4 #M (0.17 mg/ml);
BrAcT,, 10 uM; ADP and ATP, 4 mM each; MgCl,, 5 mM; creatine and PCr, 20 mM each;
and KNO,, 50 mM. For experiments B and C, the significance of difference relative to the control
conditions is indicated.

Initial inactivation
rate constants
M5

Significance

Components (t test)

(A) Inactivation of the chicken CK isoenzymes by BrAcT,

Mi,-CK 710+ 94

Mi,-CK 355+47

M-CK 282+8

B-CK 526 + 47

(B) Effect of thyroid hormones on the inactivation of chicken Mi;-CK by BrAcT,
None (control) 429452

35T, 467 +16

T, 585+ 67 P < 0.02
T, 551412 P < 0.005

(C) Effect of substrates on the inactivation of chicken Mi,-CK by BrAcT,
None (control) 336125

MgADP 923+ 7 P < 0.001
MgATP 490+ 54 P < 0.01
Creatine 331+14

PCr 348116

MgADP +- creatine 338+28

MgATP + creatine 322+30

MgADP + creatine + nitrate 110+9 P < 0.001

a thyroid-hormone-binding site is not a prerequisite for the
covalent modification of Mi,-CK (Table 1B). The increases in
radiolabelling and inactivation rates of the chicken Mi-CK
isoenzymes by BrAcT, in the presence of high concentrations of
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Figure 4 Competition of the BrAcT, labelling of rat heart mitochondria with thyroid hormones, thyroid hormone derivatives, thiol-group-blocking reagents
or substrates

Labelling of rat heart mitochondria with BrAc[‘25I]T3 was performed for 15 min as described in the Materials and methods section in buffer A in the presence of the following competitors: C, control
without competitor; lane 1, 200 nM 3,5-T,; lane 2, 20 uM 3,5-T,; lane 3, 200 M T; lane 4, 20 uM Tj; lane 5, 200 "M T,; lane 6, 20 xM T,; lane 7, 200 nM BrAcT;; lane 8, 20 1M BrAcT,;
lane 9, 20 xM EMD 21388; lane 10, 20 uM NAcT;; lane 11, 20 uM NAcT,; lane 12, 20 xM iopanoic acid; lane 13, 20 xM methyl bromoacetate; lane 14, 20 xM DNFB; lane 15, 10 mM
iodoacetamide; lane 16, 4 mM ADP+5 mM MgCl,; lane 17, 4 mM ADP 45 mM MgCl,+ 20 mM creatine 4+ 50 mM KNO, (transition-state-analogue complex).

Table2 Competition exerted by thyroid hormones, thyrold hormone derivatives, thiol-group-blocking reagents and CK substrates on the labelling of rat heart
mitochondria as well as purified chicken Mi,- and Mi,-CK by BrAc['®]T,

Labelling of rat heart mitochondria and purified chicken Mi,- and Mi,-CK by BrAc[‘zsl]T3 was performed in buffer A for 15 min at 25 °C as described in the Materials and methods section. Relative
incorporation yields were determined by ethanol precipitation of protein-bound radioactivity. The amount of radioactivity incorporated under the appropriate conditions in the absence of competitors
was taken as 100%. Five-fold-concentrated stock solutions of CK substrates and iodoacetamide in buffer A and 50-fold-concentrated stock solutions of thyroid hormones, thyroid hormone derivatives,
DNFB and methyl bromoacetate in methanol were used.

Radioactivity incorporated (%)

Rat heart Chicken Chicken
Competitors Concentration mitochondria Mi,-CK Mi,-CK
Control 100.0 100.0 100.0
T, 200 nM 97.9+03 1021428 -
T, 20 uM 1031420 100.0+3.4 1127450
T, 200 nM 96.3+1.0 1054 +53 -
T, 20 uM 99.2+4.2 1157448 1885+129
T, 200 nM 937+16 984474 -
T, 20 zM 904410 99.7+56 1957473
NAcT, 20 uM 89.7+3.2 80.5+54 -
NAcT, 20 uM 88.7+25 800+35 -
EMD 21388 20 uM 768+22 121.5+93 -
lopanoic acid 20 uM 1031476 1144 +£21 -
BrAcT, 200 nM No0+17 643+8.4 51.3+1.0
BrAcT, 20 uM 24414 138+39 82+13
Methyl bromoacetate 20 uM 174417 418431 -
DNFB 20 uM 67.9+44 31.3+48 -
lodoacetamide 10 mM 16.8+23 149417 129425
MgADP 171.7+36 1025+1.8 1488+0.7

Transition-state-analogue complex 11231+10.6 524418 4494171
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thyroid hormones may be explained by reduced non-specific
binding of BrAcT, to Mi-CK or mitochondrial membranes
and/or by partial protection of BrAcT, from degradation [9].

The facts that MgADP enhances the inactivation rate of
chicken Mi,-CK and that formation of a transition-state-
analogue complex protects the enzyme from inactivation (Table
1C) perfectly agree with experiments on rabbit MM-CK in which
inhibition of the enzyme activity by iodoacetamide was also
increased by MgADP and diminished by formation of a
transition-state-analogue complex [48]. Taken together, these
results show that BrAcT,, as well as thiol-group-blocking
reagents that have a low structural similarity to thyroid
hormones, behave similarly towards CK, indicating that the
selective labelling of the CK isoenzymes by BrAcT, is triggered
by their highly reactive thiol groups and not by iodothyronine-
binding sites.

Binding of underivatized T, to chicken Mi,-CK

No specific binding of [**I]T, or [***I]T, and also no displacement
of non-specifically bound thyroid hormones (4-8 %, of total) by
unlabelled T,, T, or thyroid hormone derivatives was observed
for purified chicken Mi,- and Mi,-CK under experimental
conditions which allowed detection of specific thyroid-hormone
binding and ligand competition for transthyretin. These results
are in accordance with the lack of effects of thyroid hormones
and thyroid hormone derivatives in competition studies of the
CK inactivation and labelling experiments and also indicate the
absence of a specific thyroid-hormone-binding site in CK
isoenzymes.

Inactivation of chicken Mi,-CK by other bromoacyl compounds

In order to corroborate the conclusions drawn so far and to see
if bromoacyl compounds in general might be selective labelling
and inactivation reagents for CK isoenzymes, the interaction of
six bromoacyl compounds with Mi,-CK was investigated. For
comparison, the rates of modification of papain, a cysteine
proteinase, as well as of cysteine itself were also determined for
the same reagents. Phenacyl bromide and 2-(2-bromoacetyl)-
naphthalene reacted very rapidly with available thiol groups
(Figure S, Table 3). In the presence of 0.5 mM 2-ME, inactivation

= =0 = = O o e eOpw o e =0

In[CK activity (units/ml)]
o
T

-1
=2k
3F
_4 1 1 1 1 1 'l "l
-10 0 0 20 30 40 50 60 70
Time (min)
Figure 5 Inactivation of chicken Mi,-CK by different bromoacyl compounds

The inactivation experiments were performed in buffer B as described in the Materials and
methods section. The following concentrations were used: Mi,-CK, 4 M (0.17 mg/ml);
bromoacetic acid and 2-bromoacetamide, 100 xM each; BrAcT,, methyl bromoacetate;
phenacyl bromide, 10 xM each. I, Bromoacetic acid; A, 2-bromoacetamide; [J, BrAcT,;
@, methyl bromoacetate; O, phenacyl bromide. When Mi,-CK was incubated under the same
conditions, but without a bromoacyl compound present, no significant decrease in enzyme
activity was observed after 1 h.

of Mi,-CK was not complete. In the absence of 2-ME, however,
complete inactivation by phenacyl bromide and 2-(2-bromo-
acetyl)naphthalene was already achieved after 10 min (not
shown). In contrast with these very electrophilic reagents, the
other bromoacyl compounds tested reacted preferentially with
Mi,-CK, even in the presence of 0.5 mM 2-ME, as can be seen
from the almost straight lines in the semilogarithmic plot (Figure
5). When, on a structural basis, BrAcT, is assumed to have
about the same inherent reactivity as 2-bromoacetamide, its
reaction rate with Mi -CK is increased 40-fold by the thyroid
hormone moiety (Table 3). When, however, the rate of cysteine
modification is taken as a direct measure of the reactivity of the
bromoacetyl compounds, the reaction rate of BrAcT, with Mi,-
CK, relative to 2-bromoacetamide, is augmented by 300-fold. A

Table 3 Reaction rate constants for the inactivation of Mi,-CK and papain as well as for the modification of cysteine by different bromoacyl compounds

The reaction rate constants were calculated as described in the Materials and methods section. The values for the inactivation of Mi,-CK are derived from the data presented in Figure 5. 2-(2-
Bromoacetyl)naphthalene was used at a concentration of 10 zM. The experiments on the inactivation of papain and on the modification of cysteine by different bromoacyl compounds were performed

as described in the Materials and methods section.

Reaction rate constants (M~"-s™")

Inactivation Inactivation Modification
Bromoacyl compound of Mi,-CK of papain of cysteine
Bromoacetic acid 0.368 1 0.522 318.3+28.3 0.115+0.025
2-Bromoacetamide 9.72+1.39 411429 0.698 1-0.029
BrAcT, 388432 2324028 0.090 4-0.020
Methyl bromoacetate 785433 8.004+0.48 5.64 +0.46
Phenacyl bromide Very fast Faster than BAA* +
2-(2-Bromoacetyl)naphthalene Very fast Faster than BAA* 1

* The rate of inactivation of papain on incubation with phenacyl bromide or 2-(2-bromoacetyl)naphthalene was higher than with bromoacetic acid (BAA).
+ No information can be given on the rate constants for the modification of cysteine by phenacyl bromide and 2-(2-bromoacetyl)naphthalene. After an initial increase in Ay, during the titration
with DTNB, the yellow colour rapidly disappeared. The reason for this effect might be the modification of the thiophenolate ion, liberated during the titration reaction, by the two highly reactive

bromoacyl compounds.
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40- to 300-fold increase corresponds to a difference in activation
energy of approximately 9-14 kJ /mol which is not sufficient to
postulate a specific thyroid-hormone-binding site of Mi,-CK,
but supports the notion that the unusually reactive thiol group of
CK is located within a hydrophobic environment [32,49].

To conclude, bromoacetyl compounds are very promising
candidates for the specific labelling and inactivation of CK
isoenzymes. Because of the hydrophobic pocket near the reactive
thiol group of CK, an aromatic moiety attached to the
bromoacetyl group is likely to increase the specificity of the
reagent, as can be seen from the data obtained with BrAcT,.
However, the bromoacyl moiety should not be part of a
delocalized system as in phenacyl bromide or 2-(2-bromoacetyl)-
naphthalene, since these reagents are too reactive and thus bind
non-specifically to all available thiol groups.

DISCUSSION

In the present investigation, Mi-CK was identified as a target for
alkylation by the thyroid hormone derivative BrAcT,, whereas
under the same conditions the mitochondrial adenine nucleotide
translocator (ANT) was not labelled in rat heart, brain or liver.
However, a large body of evidence demonstrates that Mi-CK,
like ANT, is in all likelihood not a mitochondrial thyroid-
hormone-binding protein. (1) 3,5-T,, T, T, and thyroid hormone
analogues such as EMD 21388 were not effective in protecting
rat heart Mi-CK as well as purified chicken Mi,- and Mi -CK
from labelling by BrAc[***I]T, (Figure 4, Table 2). In addition,
they did also not decrease the rate of inactivation of chicken
Mi,-CK by BrAcT, (Table 1B). (2) No specific binding of
underivatized T, to purified chicken Mi,-CK was observed. (3)
Extraction experiments with rat heart mitoplasts manifested no
influence of 10 M T, on the interaction of Mi,-CK with the
inner mitochondrial membrane. Furthermore, 20 4M T, or 3,5-
T, did not affect the enzyme activity and only slightly increased
the dimer to octamer ratio of both chicken Mij,- and Mi -CK
(results not shown). (4) MgADP on the one hand and formation
of a transition-state-analogue complex on the other influenced
the labelling and inactivation of Mi,-CK by BrAcT, in the very
same way (Figure 4, Table 1C) as they influenced the inactivation
of rabbit MM-CK by iodoacetamide [48], indicating that either
a reactive thiol group is close to or directly involved in a thyroid-
hormone-binding site of Mi,-CK or that the interaction of
BrAcT, with Mi-CK is entirely due to the extraordinary
reactivity of some thiol groups of CK (probably Cys-278). The
findings that pure thiol-group-blocking reagents such as iodo-
acetamide and DNFB were most effective in competing for the
labelling of Mi,-CK by BrAc['*I]T, (Figure 4, Table 2), that all
CK isoenzymes in rat and chicken were modified by BrAcT,
(Figures 2 and 3), with no marked preference for the mito-
chondrial isoenzymes, and that other bromoacyl compounds
with no structural similarity to thyroid hormones also inactivated
chicken Mi,-CK in the same concentration range as BrAcT,
(Figure S, Table 3) strongly favour the second possibility.

These findings open the door to the design of very specific
inhibitors and labelling reagents for CK, i.e. by combining the
substrate specificity of the CK isoenzymes with the extraordinary
selectivity of bromoacetyl derivatives for the highly reactive thiol
group of CK. Since the latter was reported to be located at or
near the substrate-binding site of CK, and since ATP y-p-
azidoanilide [50] and CIR-ATP [51] proved to be valuable
reagents for the identification of amino acid residues near the
active site of CK, ADP or ATP analogues with a bromoacetyl
moiety attached to the 8- or y-phosphate group respectively will
be promising candidates for future studies.

As far as the thyroid hormone aspect is concerned, the present
study also provides some important implications. Thyroid
hormones have a variety of acute as well as long-term effects on
mitochondria. They are known to increase mitochondrial oxygen
consumption and oxidative phosphorylation rate [52,53],
mitochondrial DNA, RNA and protein synthesis ([54]; for
reviews see [6-8]), mitochondrial proton leakage and membrane
potential [55], as well as the extramitochondrial ATP/ADP ratio
[55,56], whereas they decrease the intramitochondrial ATP/ADP
ratio [53,56]. Furthermore, thyroid hormones influence mito-
chondrial morphology and turnover [57] and are thought to
regulate the enzyme activities of several mitochondrial enzymes
(for a review see [58]). Whether they also decrease the ADP/O
and H*/O ratios is still disputed (see [58—60]).

Some effects of thyroid hormones on mitochondria may be
accounted for by regulation of nuclear gene expression, but
others are suggested to be direct effects, since they were also
observed in isolated mitochondria or in the presence of specific
inhibitors of cytoplasmic protein synthesis [7,52,53,59]. In fact,
several groups have demonstrated the presence of saturable high-
affinity T,-binding sites in mitochondria from a variety of tissues
([23,24,61-63]; for a review see [7]) which were localized both to
the inner [7,23,24,63] and outer [63] membranes. Purification of
a thyroid-hormone-binding protein from mitochondrial inner
membranes [61], its physicochemical similarity to ANT, and
photoaffinity-labelling by T, of purified ANT from bovine heart
mitochondria, a preparation that displayed high-affinity low-
capacity T,-binding sites, led to the hypothesis that ANT is the
actual ‘mitochondrial thyroid hormone receptor’ [62]. Several
arguments, however, favour the contrary [6,55,64]. Most im-
portantly, the reported binding capacity of the purified
mitochondrial T, ‘receptor’ (143 fmol/mg of protein) [61] is far
below the value expected for a 1:1 ratio of thyroid hormone to
ANT (32 nmol/mg of protein on the basis of a subunit M, of
31000 for the ANT) meaning that a faint contamination in the
ANT preparation might be responsible for the specific T,-
binding activity.

In accordance with these conclusions, Rasmussen et al. [9]
were not able to label ANT in rat heart mitochondria with
BrAcT,. Instead, a protein doublet of equal intensity of M, about
45000 was preferentially labelled. Since the labelling of this
protein doublet is simply due to the extraordinary reactivity of
the bromoacetyl moiety of BrAcT, with the highly reactive thiol
group of Mi-CK, the question of how thyroid hormone effects on
mitochondria are mediated still remains unsolved. Several possi-
bilities have to be taken into account. (1) Mitochondria may
have a different thyroid hormone specificity than the nucleus
where T, displayed the highest affinity for the c-erbA-related
receptor proteins [3]. Since 3,5-T, in perfused rat liver has been
shown to increase oxygen consumption and oxidative phos-
phorylation [52,53], BrAc-3,5-T, may be an attractive alternative
for future studies. (2) Thyroid hormones may exert their effects
on mitochondria by altering the fluidity of the inner mito-
chondrial membrane, either directly by insertion into the lipid
bilayer or indirectly by regulation of lipid metabolism [65]. (3)
Some groups did not observe any thyroid hormone effects on
isolated mitochondria, unless they injected T, or T, into severely
hypothyroid animals several hours before isolation of the mito-
chondria [66-68]. Therefore the hypothesis was raised that
cytoplasmic factors mediate the thyroid hormone effects on
mitochondria [67—69].

The following additional inferences can be drawn from the
present investigation. Apart from a 43000-47000-M, band which
very probably represents a fragment of the nuclear T, receptor
[12,70], some proteins in the M, 45000 range that were modified
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by BrAcT, or by photoaffinity-labelling with underivatized T,
[10,11,14,20,70,71] may represent CK isoenzymes. The most
attractive candidate is the 43000-M, polypeptide labelled by
BrAcT, in a human placental plasma-membrane fraction [14]
which may actually be Mi-CK, for (a) placenta is known to
contain Mi,-CK [45], (b) the native and subunit M, values of the
placental protein determined by gel filtration and SDS/PAGE
seem to agree with the expected values for octameric and
monomeric Mi-CK, (c) mitochondrial contamination of the
plasma-membrane fraction used by Alderson et al. [14] was
reduced by only a factor of 4.5, and (d) labelling of the placental
43000-M, protein by BrAcT, was also not reduced by excess
amounts of T,.

Whereas Siegel et al. [72] and Cahnmann et al. [21] postul-
ated that specificity problems with BrAcT, or BrAcT,
[10,12-14,17,20,72] are due to the fact that bromoacetyl deriva-
tives of thyroid hormones act as exo- rather than endo-affinity
labels, the present study favours the hypothesis that the lack of
specificity for thyroid-hormone-binding sites is due to the pref-
erential reaction of these derivatives with particular thiol groups.
Interestingly, incubation of bovine heart mitochondria with
bromodaunomycin, a bromoacetyl derivative of adriamycin, led
to the selective labelling of three proteins, one of which had a
subunit M, of 45000 [73] which is again indicative of Mi-CK.
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